Abstract-We report on the fabrication and characterization of Mo films, Mo/Au and Mo/Cu bilayers for Transition Edge Sensors (TES). The fabrication conditions (at room temperature) have been varied to achieve layers with the required properties for TES applications. The dependence of their functional properties (i.e. electrical resistivity and superconducting critical temperature) on microstructure (grain size, stress) is investigated.
Therefore, a crucial aspect is an excellent control of the fabrication process, which will determine the microstructure of each layer (and therefore its electric properties) and the quality of the S/N interface.
The most studied and with best spectral resolution TES have Ti or Mo as superconductor, and Cu or Au as normal metal [4] [5] [6] [7] . While Ti/Au bilayers may suffer aging problems [8] , Mo/Au bilayers display excellent chemical stability to stand the required conditions for detectors in spacecrafts [9] . However, deposition of Mo thin films with suitable and reproducible functional properties ( , resistivity) usually requires temperatures above 500 [10] [11] [12] [13] [14] [15] [16] [17] . These high temperatures may affect the quality of the interface [10] . Even more, they add difficulties to the prefabrication of heat sinking and electrical interconnection layers.
We recently demonstrated the capability to fabricate high quality Mo/Au bilayers at room temperature by RF magnetron sputtering [18] . Here we report a detailed structural characterization of bilayers and the analysis of the factors determining their performances and reproducibility.
II. EXPERIMENTAL
Mo thin films were deposited by Radio Frequency (RF) magnetron sputtering, at room temperature in an Ultra High Vacuum (UHV) system with a base pressure of . The Ar working pressure was and the power was 210 W. These deposition conditions give rise to a growth rate of 0.85 nm/s. The Au and Cu layers were deposited in the same UHV system by DC triode sputtering. Typical growth conditions for the Au and Cu layers were a target potential of 1.0 kV and a plasma-confining magnetic field of a few Oe. Typical deposition rates were of the order of 0.05 nm/s (Cu) and 0.18 nm/s (Au). The cathode-substrate distance was 8 cm. In some of the bilayers Au was evaporated by electron beam in a different system. The growth rate for the evaporated gold films was 0.2 nm/s.
All samples were deposited on specially designed substrates: a layer (200 nm-thick) was deposited by LPCVD on a 100 nm thick layer thermally grown on a Si substrate and two membranes (400 ) were formed in it by etching the underneath Si.
X-ray diffraction (XRD) was employed to study the crystal structure, preferential orientations and residual stress of the layers; scans at different angle between the normal to the film and the normal to the diffraction planes were performed using a Bruker-AXS diffractometer with a GADDS bidimensional detector, model D8 Advance.
1051-8223/$25.00 © 2009 IEEE Atomic Force Microscopy (AFM) was performed with a commercial microscope (Agilent 4500) as a tool to characterize surface topography and grain size of the films and bilayers; the data were analysed with the software Mountains, from Digital Surf.
Transmission Electron Microscopy (TEM) bright field images for grain size and layer thickness measurements were obtained using a Jeol 2100 working at 200 kV. High resolution characterization was carried out in a Jeol J2010F scanning TEM microscope, with a hot field emission gun, operating at 200 keV. Thin foils were prepared in cross section geometry (XTEM) by mechanical flat polishing down to 25 and final Ar+ bombardment at with an incident angle of 7 using a PIPS-Gatan equipment.
Some of the Mo/Au bilayers were patterned by standard optical photolithography with a two-step wet chemical etching process. Firstly, the Au layer is etched in a KI/I solution through a photoresist mask. After mask removal by acetone, the Mo layer is etched in a Phosphoric/Acetic/Nitric acid solution which is selective to Au. This procedure generates a gold layer overhanging the Mo edges and guarantees no parallel conduction through uncovered Mo [10] .
The temperature dependence of the resistance was measured for patterned and unpatterned samples using the four-point resistance method; for layers with above 350 mK a commercial PPMS system from Quantum Design was used; bilayers with lower were measured in a commercial dilution refrigerator (Kelvinox MX40, from Oxford Instruments) with base temperature 30 mK, and an AVS 47 resistance bridge. A LabView program was developed to control the power supplied to the mixing chamber at the dilution refrigerator. This program allows sweeping the temperature as slow as 1.7 mK per hour; thus, very sharp superconducting transitions can be characterized. The transition is fitted to an exponential close to followed by a straight line at higher temperature, and is defined as the temperature where both fits intercept.
III. RESULTS AND DISCUSSION

A. Mo Layers
The XRD scans reveal that Mo thin films display a high degree of texture, with the (110) planes parallel to the growth direction. The residual stress has been analysed by the so-called technique [19] , consisting on measuring scans for different angles . Monitorization of the interplanar distance d for a certain reflection-obtained from the peak position at a given -as a function of provides information on the stress of the film. Fig. 1 reveals such a plot for a 50 nm thick Mo film, using its (110) reflection. The linear dependence of d on reveals a biaxial stress in the plane, and the negative slope indicates that this stress is compressive. Using tabulated elastic constants for Mo ( , ) and the slope on Fig. 1 , the stress may be estimated of the order of 1 GPa.
AFM and TEM (Fig. 4) images reveal the usual columnar growth of Mo. The distribution of grain sizes is important, and the average value depends on growth conditions, being typically of the order of 25-40 nm. The films are quite flat: the typical average roughness over 1 for a film 50 nm thick is 0.3 nm, only slightly above surface roughness.
Bare Mo thin films display values between 700 and 900 mK, close to the bulk . We have identified two crucial factors affecting and its reproducibility on bare Mo layers: the Mo contamination in unprotected films, and their grain size. Fig. 2 displays the values of bare, unpatterned Mo films (50 nm thick), grown at slightly different conditions (Ar pressure, RF power, target potential). Clearly, correlates with RRR (Residual Resistance Ratio, measured between 300 K and 4.2 K), which in turn depends on grain size. Therefore, controlling the deposition parameters, as well as the substrate surface, is crucial. Doing so, a series of 5 independent samples of 50 nm Mo with a protective layer of 15 nm Au deposited in We must point out that the decrease of Tc with increasing RRR displayed on Fig. 2 is opposite to the behavior commonly observed in Mo [17] and in most superconductors, although it is not unique. We are currently further investigating it.
B. Metal Layers
Au films deposited either by sputtering or e-beam are partially textured, with the (111) planes along the growth direction. A loss of texture is observed for thicker films, especially for those grown by e-beam. Residual stress analyses reveal a weak tensile stress of these films, of the order of 70 MPa.
The most crucial difference between Au films deposited by sputtering and e-beam is the resistivity. As shown on Table I , sputtered films display much higher resistivity values, which would result in a too high resistance of the device in the normal state, being thus unsuitable for TES operation. High resistivity values are commonly observed in sputtered gold films, and have been ascribed to high grain boundary scattering of the conduction electrons due to the small crystallite sizes [20] [21] [22] ; it has also been suggested that Ar impurities might have a contribution [11] .
Cu films deposited by sputtering are fully polycrystalline, with no preferential orientation along the growth direction. The crystal quality of these films is sensibly poorer than for Au films; in accordance, AFM images reveal Cu films rougher in the nanoscale than Au films. Residual stress measurements on Cu films indicate that they have a significant tensile stress ( 400 MPa). However, resistivity and RRR values, also displayed on Table I , are between the two types of Au films, and allow fabrication of devices with a resistance within the acceptable range for TES operation.
C. Bilayers
We have fabricated and characterized Mo/Cu and Mo/Au bilayers. Mo/Cu bilayers have been grown in-situ by sputtering; as discussed above, Mo/Au bilayers require Au to be deposited by e-beam, in order to meet the resistance values requirements for TES. Since e-beam deposition is carried out in another UHV chamber, in order to avoid exposure of the Mo surface to air, and its eventual contamination, the Mo film was pre-coated and protected by a 15 nm thick Au layer deposited in-situ by sputtering. This thickness would guarantee a continuous coverage of the Mo film and would provide a perfect seed for the further growth of a thicker Au layer by e-beam deposition, which we will call , while we will refer to the thin sputtered layer as . In Fig. 3 we analyse the effect of the existence of on the proximity effect, by comparing the R(T) curves for bilayers with and without , for two different thicknesses of . It may be observed that the two bilayers without display a single transition at roughly the critical temperature of bare Mo films, indicating that these bilayers are not affected by the presence of the layer. The 50/15/50 nm structure displays two transitions: the higher temperature one corresponds to the bilayer (we have mentioned above that 50 nm Mo layers covered with 15 nm Au by sputtering display ); the lower temperature transition, leading to , is ascribed to the whole structure, i.e. due to the proximity effect of layer . Finally, the 50/15/125 nm structure displays only the higher temperature transition of : the lower temperature transition may not be observed because it is expected to take place below 350 mK, the lowest temperature attained in the experiment.
These results clearly indicate that the proximity effect of Au is suppressed when Mo films are exposed to air. This fact is likely due to surface contamination of the superconductor, most likely surface oxidation. This effect will be further investigated using depth profile XPS measurements.
In view of the above results, all the Mo/Au bilayers studied in the following are , with Mo and fixed respectively to 50 and 15 nm, and varying . In-situ measurements of stress during Au growth by sputtering on Mo reveal that coalescence of Au takes place for very low thickness, around 2 nm. Therefore, a 15 nm-thick layer must be continuous across the film. However, as Fig. 4 reveals, it is difficult to appreciate the interfaces between the Au layers grown by sputtering and by e-beam; this is likely due to the fact that the sputtered Au film acts as a seed for the growth by e-beam, and in most cases this results in the absence of contrast by TEM at the interface. We have observed that Au sputtered films grown on Mo films reproduce the columnar grains of Mo, whereas Au grown by e-beam usually displays twin boundaries parallel to the interface, as seen on Fig. 4 . More detailed analyses of these bilayers are required in order to try to discern the details of the morphology of both Au layers.
We have performed residual stress analyses of the Mo and metal layers in the bilayers. It turns out that the stress state of Mo does not change significantly due to the presence of the normal metal layers. In fact, the stress values for Mo, Au and Cu do not change when changing the Au or Cu thickness. is reduced when increasing the Au thickness; a similar effect has been observed for Mo/Cu bilayers.
IV. CONCLUSIONS
We have studied the effect of deposition conditions on the morphology, resistivity and critical temperature, and their reproducibility, for Mo-based bilayers. We have found that it is essential to prevent the exposure of Mo to atmosphere, and to control the grain size.
We have managed to obtain bilayers with good reproducibility and very narrow transitions. Further developments include in-situ growth of Au by e-beam and studies of the eventual effect of stress on the of the bilayers.
